Age-related deficits in episodic memory result, in part, from declines in the integrity of medial temporal lobe structures, such as the hippocampus, but are not thought to be due to widespread loss of principal neurons. Studies in rodents suggest, however, that inhibitory interneurons may be particularly vulnerable in advanced age. Optimal encoding and retrieval of information depend on a balance of excitatory and inhibitory transmission. It is not known whether a disruption of this balance is observed in aging nonhuman primates, and whether such changes affect network function and behavior. To examine this question, we combine largescale electrophysiological recordings with cell-type-specific imaging in the medial temporal lobe of cognitively assessed, aged rhesus macaques. We found that neuron excitability in the hippocampal region CA3 is negatively correlated with the density of somatostatin-expressing inhibitory interneurons in the vicinity of the recording electrodes in the stratum oriens. By contrast, no hyperexcitability or interneuron loss was observed in the perirhinal cortex of these aged, memory-impaired monkeys. These data provide a link, for the first time, between selective increases in principal cell excitability and declines in a molecularly defined population of interneurons that regulate network inhibition.
INTRODUCTION
Senescence is associated with a number of changes in an organism's physiology and cognition. Although only 14% of people over the age of 70 years present with dementing neurological illnesses, 1 age-related memory impairments independent of dementia are common. 2 These normal age-related memory deficits can reduce quality of life, making it essential to understand their origin. Non-human primate models of aging are particularly powerful, as these animals also show age-related changes across a number of cognitive domains, but do not develop dementing disorders, providing the opportunity to study the cellular and molecular basis of these memory impairments in the absence of such diseases.
Although several types of memory (e.g., recognition 3 and episodic 4 ) decline in normal aging, the brain structures that support these behaviors do not show significant reductions in principal cell numbers. [5] [6] [7] Among the clues to the biological mechanisms that may underlie these memory changes include separate studies showing that memory loss in rodents is associated with increased firing rates and disrupted spatial tuning in CA3, 8 declines in one population of GABAergic interneurons in that region 9 and from functional magnetic resonance imaging studies that indicate hyperexcitability in the hippocampus of aged individuals. 10 Combined, these results suggest that a disruption of normal interactions between excitatory principal cells and inhibitory interneurons contribute to age-related memory impairments. To date, no studies exist that explicitly link behavioral changes to alterations in network activity and interneuron density in the same cohort of non-human primates. Towards this end, we performed multiple single-neuron recordings and immunohistochemical analyses for subtypes of GABAergic interneurons in behaviorally characterized middle-aged and senescent rhesus macaques.
MATERIALS AND METHODS Subjects
The data in the present study were collected from five male and female rhesus macaques (Macacca mulatta) ranging from middle age (13.5 (M), 15 .4 (F) and 18.0 (F) years) to senescent (29.6 (M) and 31.7 (F) years). Human equivalent ages for these animals is 42 to 96 years. 11 All subjects were housed at the California National Primate Research Center in Davis, California, where they participated in a long-term behavioral and electrophysiological study. The procedures described below were approved by the IACUC at the University of California (Davis, CA, USA).
Behavioral testing procedure
A modified Wisconsin General Test Apparatus (WGTA) 12 was used for the behavioral testing. The five animals performed a delayed nonmatching-tosample (DNMS) task to assess their recognition memory. Previous studies have shown that performance on the DNMS task declines with age. 5, [13] [14] [15] In addition, lesions of the hippocampus, perirhinal cortex (PRC) and inferior temporal cortex impair performance on the DNMS task. [16] [17] [18] [19] [20] Although the precise contributions that these individual temporal lobe structures make to the performance on this task continue to be discussed (e.g., Baxter and Murray 21 ), it is clear that these systems normally cooperate in the production of this behavior. 22 Each trial was initiated by a single object being placed over the center well that was baited with food reward. After the animal displaced the object and obtained the food reward, the stimulus was hidden from the animal's view for either 10, 15, 30, 60, 120 or 600 s. Following the delay, the initial object was presented over one of the lateral wells and a novel object was placed over the other lateral (now baited) well. Animals were allowed a single response, and were only rewarded if they first displaced the novel object. Novel object pairs were used in every trial and reward items were placed over the left and right lateral wells with equal frequency. Monkeys were tested for 20 trials per day for 5 days a week for all delays except the 10 min delay in which 5 trials per day were given over 10 days.
Procedures for headpost attachment and electrode implantation
Procedures for implantation of headposts and the chronic implantation of hyperdrives are as described elsewhere in more detail. 23, 24 Briefly, all animals received presurgical structural MRIs from which individual stereotaxic coordinates for electrode placement were calculated to coincide with the location of the middle of the hippocampus (as can be viewed in Plate 68 25 ). Hyperdrives consisted of 14 threaded manipulator legs, 12 of which independently moved our custom-manufactured tetrode recording probes, 23 with one serving as a moveable reference electrode and one as ground.
Single-unit data acquisition
The single-unit data obtained from the 12 tetrode recording probes were sampled at 32 kHz, using the Neuralynx Cheetah data acquisition system (Neuralynx, Bozeman, MT, USA). The multiple single cells were separated and identified offline using either XClust (MA Wilson, MIT, Cambridge, MA, USA) or MClust (AD Redish, University of Minnesota, Minneapolis, MN, USA). Electrodes were only moved at the end of a day's recording session. The criteria for inclusion included that neurons were well isolated and stable throughout the entire recording period. Firing rates were calculated as the inverse of the mean of the interspike interval. All data analysis was performed using custom scripts written in MATLAB (The Mathworks, Cambridge, MA, USA).
Histological processing and antibody characterization
Animals were killed with an overdose of sodium pentobarbital (60 mg kg − 1 , intravenously), and transcardially perfused with a solution of 4% paraformaldehyde in 0.01% phosphate-buffered saline (pH 7.4), followed by a mixture of 4% paraformaldehyde and 10% sucrose. After perfusion, the brains were extracted and placed in a solution of 4% paraformaldehyde and 30% sucrose for further cryoprotection. All brains were cut transversely at 30 μm. Tissue sections adjacent to tetrode recording probe locations in the CA3 region of the hippocampus and the PRC were immunohistochemically stained for glutamic acid decarboxylase-67 (GAD67), parvalbumin (PV) or somatostatin (SOM).
The sections were blocked for 24 h in 3% normal horse serum (Vector Laboratories, Burlingame, CA, USA; S-2000) and 0.25% Triton X (Sigma-Aldrich, St Louis, MO, USA; x100), followed by a 24 h incubation in a solution containing a mixture of either the primary PV antibody (anti-PV in mouse, 1:2000; Sigma-Aldrich; p3088) or primary SOM antibody (anti-SOM in mouse, 1:350; Santa Cruz Biotechnology, Dallas, TX, USA; 74556) along with the primary GAD67 antibody (anti-GAD1 in rabbit; 1:1000; Sigma-Aldrich; SAB4501075). Following this incubation, the sections underwent three 15 min washes in 0.01% phosphate-buffered saline. The sections were then incubated for 48 h in a solution containing two secondary fluorescent antibodies of different emission wavelengths, one specific to mouse immunoglobulin G (Alexa Fluor 594; 1:250; Life Technologies Grand Island, NY, USA; A21206) and the other specific to rabbit immunoglobulin G (Alexa Fluor 488; 1:250; Life Technologies; A21203). Following three more 15-min rinses in phosphate-buffered saline, the sections were mounted with a vectashield fluorescent mounting medium containing the nuclear marker DAPI (4',6-diamidino-2-phenylindole; Vector Laboratories; H1200), coverslipped and imaged.
Isotype specificities for all of the primary antibodies were tested by the manufacturers with a variety of tests. A double diffusion immunoassay with mouse monoclonal antibody isotyping reagents (Sigma-Aldrich; ISO-2) validated the specificity of the anti-PV antibody. Western blot analyses of both the SOM and GAD antibodies yielded single bands when blotted on whole-cell lysates from human (SOM) and rodent (GAD) tissue.
Quantification of immunohistochemically defined interneurons
All images were acquired using a 10 air objective on a DeltaVision RT Deconvolution Microscope (Olympus America, Center Valley, PA, USA). DAPI nuclear staining was used to identify the hippocampal CA3, CA1 and dentate gyrus hilar regions, as well as the PRC. Borders for the CA3, CA1, dentate hilus and PRC were drawn in accordance with the Paxinos et al. 25 rhesus macaque brain atlas. For every section, we acquired large panel images in different fluorescent filters to visualize PV/SOM, GAD67 and DAPI. Each panel contained all four regions of interest. To avoid biases from fragmented cells at the edges of the tissue, a consistent 5 μm guard space on either side of the z-plane was used to scan the depth of the tissue. 6, 26 The guard space was implemented by manually finding the top and bottom edges of the tissue with the microscope and beginning the image collection in the z-plane 5 μm from the top edge and terminating it 5 μm from the bottom edge. Images were acquired in 3 μm steps in the z-plane. Images were imported into Adobe Photoshop CS5 (Adobe Systems, San Jose, CA, USA) where they were line averaged, coregistered and collapsed across the z-plane to yield a single two-dimensional image. All sections were assigned random identifiers to ensure that the two counters were blind to the experimental condition.
The aim of the immunohistochemical analysis was not to stereologically quantify the number of PV and SOM interneurons across the hippocampus, but rather to obtain local estimates of interneuron density surrounding the tetrode locations from which we obtained single-unit recordings from each animal. To obtain these local estimates of interneuron density, brain sections immediately adjacent (both anterior and posterior) to brain sections with electrode tracks were prepared for immunofluorescent analysis. As the exact anterior-posterior location of recording sites differed between animals, unbiased sampling was not possible, thus eliminating the application of full stereological analysis. This method, however, did allow us to obtain local estimates of neuron density with respect to electrode recording sites.
Neuron numbers were quantified by placing counting grids (the size of each counting square was 200 μm × 200 μm) within the defined borders of the CA3, CA1, dentate gyrus hilus and PRC lamina. In the CA3 and CA1, PV and SOM interneurons were found most consistently in the stratum oriens and, to a lesser extent, also consistently in the stratum radiatum; hence, interneurons were sampled separately from these two layers. In the PRC, interneurons were sampled from the deep and superficial layers. For each animal, we stained a total of eight sections, four stained for SOM and four stained for PV; half of these sections used for SOM and PV stains were anterior to recording sites and the other half were posterior to the recording sites. To estimate the interneuron density around the recording sites, four counting grids were placed in each lamina from each region, and neurons falling within the borders of the grids were counted. Neurons that partially entered the counting field were counted if they touched one of two randomly selected sides of the area and excluded if they touched the other two. In total, every animal contributed exactly the same amount of sampling area to the analysis, ensuring that no single animal contributed disproportionately to the age comparison. We acquired 16 samples per interneuron type in every layer per animal. To avoid confounds due to changes in the local density associated with transition zones between different regions, samples were obtained well away from these boundaries.
The counts from all sections within a region were averaged for each animal, producing one value per lamina, per region, per stain and per animal. As we predicted a priori that the change in firing rates in old animals is due to a loss of inhibitory interneurons within a specific lamina, we performed a one-tailed t-test to test the hypothesis that there are fewer interneurons in the aged animals compared with young animals. To verify counting accuracy, a subset (20%) of images were counted a second time by an independent rater. Inter-rater reliability was high (r = 0.92, P o0.00001 Pearson's correlation).
RESULTS
Compared with middle-aged animals, senescent animals performed worse on a DNMS task, which is, in part, dependent on the integrity of medial temporal lobe structures. 27 Older monkeys were impaired at the longest delay interval (600 s delay condition, t(3) = − 5.12, P = 0.02; Mean MA = 82%; Mean SN = 59%; Figure 1a ). The absence of differences at the very short delays (10 and 15 s) likely rules out contributions from a number of other noncognitive factors (e.g., vision problems due to macular degeneration or motivational differences).
To test whether these deficits were associated with changes in network function, we recorded the activity of 662 well-isolated single units from the CA3 region of the hippocampus and the PRC. For CA3, these data came from two young and two old animals (we did not isolate CA3 cells from one of the young animals); for PRC, the data came from three young and two old animals. As our primary variable of interest was basal excitability of principal cells, we confined our analysis to the pre-experimental rest epoch in which primates sat quietly in a sound-attenuating chamber. Principal cells were separated from putative fast-spiking interneurons by their waveform characteristics (Figure 1b ). 28, 29 Although this approach cannot identify interneuron types that possess waveforms similar to those of principal cells, it does eliminate a possible confound due to inadvertent inclusion of fastspiking interneurons that would bias estimates of population firing rate. Too few putative fast-spiking interneurons were encountered for valid age comparisons.
Baseline firing rates in CA3, but not PRC, were significantly higher in senescent than younger monkeys (CA3: W = 11640, P o0.00001; PRC: W = 6121, P40.17; Wilcoxon's rank-sum test). The median firing rates for neurons in MA and SN animals were: 0.05 Hz (MA, n = 152) versus 0.18 Hz (SN, n = 273) in CA3 and 0.49 Hz (MA, n = 138) versus 0.51 Hz (SN, n = 99) in the PRC (Figure 1c ). To ensure that the effects were not due to overweighting of neurons from a single animal, we also compared the median firing rates per animal. Again, the firing rates were higher for SN relative to MA animals in CA3 (t(2) = 4.13, P = 0.027; Mean MA = 0.03 Hz; Mean SN = 0.22 Hz, Cohen's d = 3.94), but not in the PRC (t(2) = 0.45, P = 0.35; Mean MA = 0.37 Hz; Mean SN = 0.66 Hz, Cohen's d = 0.46).
Next, using immunohistochemistry, we examined whether the changes in firing rate are linked to the composition of populations of inhibitory interneurons in these regions. Immunofluorescent staining for PV and SOM was performed on post-mortem tissue sections located immediately adjacent to electrode tracks (Figure 2a ). For this analysis, we included the adjacent CA1 region and the hilar region of the dentate gyrus (which we did not target for recordings) to determine whether the observed changes were specific to the CA3 region or were seen across hippocampal subregions. PV and SOM neurons in the CA1, CA3 and hilar regions of the hippocampus, as well as PRC, were coregistered with GAD67 immunoreactivity (Figure 2b) and counterstained with DAPI. The background staining of our GAD antibody was too high to reliably discriminate punctate cell bodies for quantification; however, GAD67 did serve as a useful marker to confirm the GABAergic profile of the interneurons.
Cells expressing positive label for SOM or PV and GAD67 antibodies were counted in middle-aged and senescent monkeys. There was a significant age-related decrease in SOM interneurons in the stratum oriens of both the CA1 and CA3 region (CA1: t(3) = 2.78, Po 0.04, Mean CA1-MA = 8, Mean CA1-SN = 6.34; CA3: t(3) = 2.49, Po0.04, Mean CA3-MA = 9.54, Mean CA3-SN = 7.5; Figure 2d ). We observed no significant changes in the stratum radiatum of either CA1 or CA3 nor in any population of PV-containing interneurons in those region (Figures 2c and e) . Similarly, we observed no changes in the density of either SOM or PV neurons in the hilus of the dentate gyrus or in the superficial or deep layers of the PRC (Figures 2e and f , summary statistics for all regions in Table 1 ). Thus, the dissociation at the regional, laminar and cell-type level make it unlikely that these results would have arisen from counting biases or a change in the quality of tissue from aged animals.
To understand the relationship between interneuron cell counts, principal cell firing rates in the CA3 region and performance on the DNMS task, we performed a series of linear regressions. The density of SOM interneurons in the stratum oriens of CA3 was significantly correlated with firing rate (r 2 = 0.91, F(1,2) = 22.76, P = 0.04, linear regression; Figure 3a) . Unfortunately, the small animal sample size limits our ability to reliably assess further interactions between behavior and changes in firing rate and cell counts. We present these correlations in Figures 3b and c, respectively, as the trend in these data is consistent with the idea that these factors may be related to deficits in behavioral performance. 
DISCUSSION
The primary novel finding in the present study is that hyperexcitability of aged hippocampal CA3 pyramidal cells is associated with reduced numbers of SOM-positive interneurons in memoryimpaired older monkeys. This decline in SOM interneurons was region-specific (CA3 and CA1, not in the hilar region of the dentate gyrus or in PRC), laminar-specific (stratum oriens, not radiatum), and interneuron-selective (no change in PV interneurons). The observed reduction in SOM interneurons could either reflect cell loss or a change in phenotype, 30 however, these data do not allow conclusive differentiation between these possibilities.
The hippocampus stores information via a distributed population code, with episodes represented as orthogonal patterns of activity. Inhibitory interneurons in the hippocampus are believed to sample the same synaptic input received by principal neurons, enabling them to regulate dynamically the overall excitability of the network. 31, 32 A failure of interneurons to properly regulate network activity could result in high firing rates and more broadly tuned neuronal responses. This could lead to large amounts of overlap between competing representations, resulting in retrieval errors. Given the hierarchical and reciprocal organization of the medial temporal lobe memory system, 33 corrupted information may spread through the system, amplifying the error and decreasing performance.
Consistent with the interpretation of impaired representations in the hippocampus, CA3 neurons in aged rodents show decreased spatial selectivity that is correlated with a decline in the ability to discriminate between two environments. 8 Similarly, older adults with impaired pattern separation abilities also show increased BOLD (blood oxygen level-dependent) activity in CA3 and dentate gyrus regions in functional magnetic resonance imaging experiments. 34 Furthermore, normalizing this activity by administration of the anticonvulsant levetiracetam partially rescues cognitive performance in patients with mild cognitive impairment. 35 Our demonstration of age-related behavioral deficits associated with changes in network excitability and interneuron loss in the non-human primate bridges the gap between the imaging data in aged humans and cellular data in aging rodents.
Our data documenting a reduction in SOM interneuron counts in the stratum oriens of the CA1 region may appear to be at odds with data from physiological studies in rodents (e.g., Wilson et al. 8 ) and functional imaging data in humans (e.g., Yassa et al. 34 ), which show no evidence of an increase in basal excitability in this region. We believe this could be explained, in part, by increased afterhypolarizing potentials (AHPs) in principal neurons in the CA1 region in aging. 36 By effectively increasing the refractory period of neurons, the increased AHP may limit excitability increases in CA1. Although no studies, to date, have examined AHPs in CA1 pyramidal cells of non-human primates, superficial layer dorsolateral prefrontal cortical cells do show increased AHP amplitudes in the macaque. 37 Future studies of AHPs in CA1 of primates could confirm the hypothesis that the effect of the loss of SOM interneurons may be balanced by excitability decreases produced by larger amplitude AHPs. Additionally, our study finds no changes in interneuron density in the hilus of the dentate gyrus in contrast to histological studies in rodents (e.g., Stanley and Shetty 30 ) . Future studies are needed to confirm this difference in the pattern of age-related interneuron loss between primates and rodents.
Although many cellular characteristics remain stable across the lifespan, a number of distinct changes occur that may interact with the altered GABAergic tone reported here. These include region-specific loss of synaptic contacts, 38 reduced synaptic plasticity, 39 decreased cholinergic function 40, 41 and altered gene expression. 42, 43 Hyperexcitability (as observed in CA3) has also been observed in primary sensory systems of senescent primates, 44 although other cortical regions do not exhibit activity increases. In fact, neurons in the prefrontal cortex of aged animals show reduced firing rates during the delay period of a spatial working memory task. 45 The interregional variability in the sign of these changes highlights the fact that therapies aimed at restoring optimal performance in aging brains must be highly selective. Our We observed no significant differences in the density of parvalbumin (PV)-immunopositive interneurons in any layers of the hilus, CA3 (c), CA1 region or PRC (e). There were significant age-dependent differences in the GAD67expressing SOM-immunopositive interneurons in the stratum oriens of both the CA3 (d, P o0.04) and CA1 regions. There were no significant differences in the density of SOM neurons in the stratum radiatum of either CA1 (Table 1) or CA3 (d). There were no age differences in density of GAD67-expressing SOM-or PV-immunopositive interneurons in any regions of the perirhinal cortex (f) or the hilus of the dentate gyrus ( Table 1) . Scale bar for a = 1 mm and for b = 40 μm.
Network dysfunction in aging data suggest that rebalancing local network excitability in regions vulnerable to the aging process may be a productive avenue in treatment of age-related cognitive decline. 46 In the case of CA3, one target appears to be lamina-specific changes in GABAergic transmission linked to SOM-containing interneurons. 
